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IiI. SU~ARY

This report is sixth in a series on the motion of high altitude
balloons which have been prepared for the Office of Naval Research under
contract Nonr-3164(00).

As the absorption of solar and earth atmosphere thermal radiation

is an important factor in the vertical motion of high altitude balloons,
the thermal radiation properties of the thin films that compose balloon
fabrics must be determined. This report presents the results of property
measurements made with spectrophotometer, emissometer, and thermal radi-
ation measuring equipment. The films which were considered fall into
three categories:

1a. Polyethylenes

]b. Mylar Composites

c. Other Fabrics

Polyethylenes are very transparent to thermal radiation. They have
sharp, narrow bands at 3.5- ? and 14 microns. Mylar composites tend to
absorb more radiation as they have a broad band of absorption from 6 to
10 microns. The mylar composites tend to be affected by the reinforcing
mesh (usually dacron) which raises the absorptivity.
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II. INTRODUCTION

The performance of high altitude balloons is related, to a great
7 extent, to the thermal radiation environment in which they operate.

Thermal radiation to and from the balloon system is an important
mode of heat transfer. Balloons absorb radiation- from two primary
sources; the sun (direct radiation and earth albedo) and, the earth
and its atmosphere. Balloons also emit radiation as grey bodies in
the range of temperatures of -60*C to +30'C. As the helium gas is
virtually transparent to all thermal radiation, the absorbing and
emitting surface is the thin polymer film which encloses the helium.
In the case of a balloon floating at altitude, the rapid decrease in
altitude following sunset is a dramatic example of the effect of ther-
mal radiation on the balloon system.

Arthur D. Little has developed an analytical model which represents
the vertical height time history of a high altitude balloon system

1 '2.

In order to properly analyze this dynamic system, the thermal radiation
properties of these thin pilymer films must be known. Inspection of
these properties, particularly the absorptivity, is of great use in
predicting balloon performance. Thus, this data should be of importance
to the balloon system designer.

-
I'
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TT III. MEASUREMENT OF PROPERTIES

A. TECHNIQUES

Since-these thin (.001 inch) films are highly transparent, the

absorptivity is difficult to measure. Several techniques may be used.

The spectral transmissivity and reflectivity may be measured and the

absorptivity deduced from these measurements. Or the back of the film

can be coated with a film of highly reflective material (vapor deposited

aluminum) and the absorptivity measured by comparing the reflected

radiation to the incident radiation. Or the emissivity of the coated

film may be measured directly with a emissometer. The last two techniques

require highly sensitive instrumentation to detect small differences in

radiation and that each sample be coated with vapor deposited aluminum.

Considering the available instrumentation and the number of samples

H to be processed, the measurement of film transmissivity was chosen as

the most practical experimental technique.

PThe spectral absorptivity and emissivity of a film that both re-
flects and absorbs radiation are given by the following expressions:

Fa = 1. - R(X) - T())

and 0) = (1-R(A)) (l-r(A))11-R(A) T(A)

in which

A = wavelength, microns

a(A) = spectral absorptivity

R(X) = spectral reflectivity

* T() = spectral transmissivity

- ) spectral emissivity

B. EXPERIMENTAL EQUIPMENTIii
The spectral transmissivity T(X) and reflectivity R(X) can be

measured by spectrophotometer equipment in the solar (.2 - 3. micron)

and infrared (1. - 100. micron) spectral regions. In the solar spectrum,
a Beckman DK Spectrophotometer was used.

The reflectance attachment to this spectrophotometer (an MgO coated
integrating sphere) was used to make measurements of diffuse reflectivity
of the front and back of the film. Because of the low reflectivity,

accurate measurements of reflectivity were not possible and these measure-
ments were not considered to be valid.

3
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Initial spectral measurements indicated low values of transmissivity-,
especially at the short wavelength (.2 - .4 micron portion) of the spec-
trum. When the reflectance attachment wts-mounted behind the sample,
the transmissivity measurement ir:reased. We believe that without the
use of the reflectance attachment as a collector, the back surface
scattering from the original transmissivity measurements was not being
detected. To a great extent, the integrating sphere collected this

-_. diffuse scattering and provided more realistic measurement of trans-
missivity. A Vitrolite - MgO standard was used to provide absolute
reference values of reflectivity.

In the infrared region, a Perkin-Elmer Infrared Spectrophotometer
(Model 421) was used. This is a double-beam, optical-null instrument
which requires no reference standard. The resultant measurements of
transmissivity appeared to be satisfactory We believe that back
scattering is reduced at the longer, infrared wavelengths and can be
considered to be unimportant.

C. CHECKING TECHNIQUES AND EQUIPMENT

The spectrophotometers were used to determine the spectral trans-
missivity of the films. This data must be numerically integrated over
the solar spectrum to obtain the total transmissivity. Selective checks
of the total transmissivity were made by measuring directly the amount
of energy transmitted through the film. To do this, a bismuth-silver
circular thermopile made by the Eppley Laboratory was exposed to sunlight
on a clear day with and without film samples covering the 3/8 inch diameter
sensor. The quartz window covering the sensor is transparent to solar
radiation in the bandwidth from .3 to 3. microns.

As another check, the room temperature emissivity of three balloon
film samples were measured after a coating of aluminum was vacuumode-
posited on the back side of the film. An emissometer was used which was
developed by Arthur D. Little, Inc., for the measurement of the emissivity
of high reflective insulating films.

4
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IV. CALCULATION OF PROPERTIES

A. REFLECTIVITY

SAs mentioned, the small amount of energy which is reflected from
the surfaces of the film is difficult to measure directly with sufficient

- accuracy. Early attempts to do this indicated that the reflectivity
was less than .10. However, interference fringes were noted which re-
sulted from internal reflections in the film. The reflectivity can be
calculated from the refractive index determined by means of the inter-
ference $ringes. Let a fringe maximum at wavelength A, be numbered n.
The refractive index, I , may be computed from two values n n2,
observed at the corresponding wavelengths A1  X2 noted on tel spectrom-

Heter record:

H Td2- (nl - n2)( IX 2  (2)
r ( A1- 2 )(2

where d is the thickness of the film. From this, the reflectivity RBmay be computed according to the Fresnel formula (for normal incidence):
(I - 1 .)2

R r +1.) (3)

We have found that the reflectivity calculated in this manner was in the'1 " range of .04 to .06 for most balloon films. We have selected the value
of .05 as a standard value for all balloon films.

B. ABSORPTIVITY - SINGLE PASS

At wavelength, A, the radiation incident on the film is !(A). If
the spectral transmissivity, T(X) and spectral reflectivity, R(X) are
known, then the energy absorbed by the film is

I l(A) a(A) = I(A) (I - R(A) - T(X)) (4)

Integrating this expression over the solar energy spectrum and

the infrared spectrum gives the integrated absorptivity of the balloon
fabric.

(A2

L JA1 ia(X) I(X) dA

21(A) dA

A1

5
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C. ABSORPTIVITY - MULTIPLE PASS

-b Thin films of high transmissivity in a spherical shape absorb more

energy due to multiple passes and internal reflections. Reference 2
shows that the effective absorption of energy of spherical shapes is:

eff (6)-R

If the integrated transmissivity, T, is high (.80) and the reflec-
-- tance, R, low (.05), then the effective absorptance of incident radiation

is nearly twice that of a single pass.

D. CALCULATION PROCEDURE

The integration of Equation 5 was carried out by digital computer.
The solar energy spectrum was used without atmospheric absorption of
energy. The water vapor and carbon dioxide absorbing bands may be in-
cluded in the calculations, but as balloons normally operate above these
layers, this attenuation of solar energy was omitted. For infrared
spectrum, the radiation energy spectrum was calculated from Planck's
law. A FORTRAN listing of the computer program is included in the

Appendix.

le
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V. THERMAL RADIATION PROPERTIES OF SOME POLYMER FILMS

A. POLYETHYLENE FILMS

Twenty-three samples which were identified as polyethylene were
analyzed. This material is one of the most transparent to solar and
infrared radiation. Sharp absorption bands occur at 3.5, 7 and 14
microns in the infrared. There are no noticeable absorption bands in
the solar spectrum. The integrated transmissivity, % integrated
absorptivity, a, and the effective absorptivity, a , for these

ff
samples are listed on Tables I and II. The transmissivity of the films
was measured from .22 to 20 microns. For room temperature and 225*K
r eeradiant sources, the proportion of total emitted energy is 72% and 58%,

.respectively, in this bandwidth. Therefore, an estimate of the trans-
missivity has been made from 20 to 100 microns using the measured value
of T at 20 microns. The estimated effective absorption, test, for the

spectrum of 3 to 100 microns, has also been computed and is listed in
g Table 1.

The integrated transmissivity of these films has been plotted on
Figure 1 for the range of thicknesses which were tested. As films tend
to have exponential transmission characteristics, the following rdla-

; i,- tionship is also plotted.

T = (1i- R)e _ (7)

T = integrated transmissivity

R = integrated reflectivity 'Equation 3)

Y - absorptivity coefficient

t = film thickness (mils)

A value of y of .045 is used on the curve as reasonable correlation.

The spectral transmissivity of these films has been plotted on
Figures 2 to 6 for the bandwidzh .22 to 3 microns and on Figures 20 to
26 for the bandwidth 3 to 20 microns.

The checks of the solar transmissivity and infrared emissivity
which were made tend to validate the computed absorptivity. In most

cases, the variation was less than 5%.

The emissivity of the 1 mil polyethylene film was found to be
.215. This included radiation emitted from the vapor deposited aluminum
coating on the backside of the film. If the emissivity of the aluminum

is taken to be .05, then the emissivity of the polyethylene film is .165.

From this, the absorptivity can be computed to be .835 which is slightly
lower than most values obtained from spectrophotometer measurements.

7
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B. MYLAR COMPOSITES

Mylar films exhibit strong absorption bands from 6 to 10 microns.
-For a room temperature souyce of radiation, the peak intensity is at

10 microns and 23% of the radiant energy is centered in the 6-10 micron
bandwidth. Mylar, therefore, tende to have much lower values of trans-
missivity than polyethylene for comparative thicknesses. The addition
of a reinforcing mesh (usually dacron filaments) can only decrease the
transmissivity.

In making measurements of spectral transmissivity, the reinforced
films were oriented for maximum and minimum transmissivity. These
values were used to obtain the integrated transmissivity.

The results from the Eppley thermopile experiments tend to indicate
that the lower value of transmissivity be used for the transmission of
solar energy. The measurements of room temperature emissivity also
indicate that the lower or minimum value of transmissivity is the best
value for composite films. We suggest that the minimum va!ue be used as
a representative value of composite film transmissivity.

The properties of G. T. Schjeldahl S-11, GT-lll, and GT-66 fabrics

are listed in Tables I and II and on Figures 7-12 and 27-29.

C. OTHER MATERIALS

As a service to marufacturers of balloon fabrics, Arthur D. Little,
Inc. has performed tests to determine the thermal radiation properties
of various reinforced and plain films. These properties are listed on
Tables I and II and on Figures 13-19 and 30-45.

As urethane rubbers have been considered for superpressure balloons,
the transmissivity of two samples (.3 and 1 mil) was measured in an
unstretched and stretched condition. In the solar spectrum, the trans-
missivity was unaltered. However, the transmission of infrared was
greatly increased (1.2 to 3.5 times the unstretched case).

--0
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VI. NOTES TO THE BALLOON DESIGNER

A. T EP-LAL RADIATION

'The sun and the earth and its atmosphere can be considered to be

black body radiators at 6,000*K and 300*K, respectively. A representa-
tive value of the radiant energy radiation which is incident on the
surface of the balloon is 7.38 Btu mt2 rin - ' (2.002 cal cm-2min - I )

from the sun and 2.45 Btu ft - 2 min- 1 from the earth and its atmosphere.
For a one million cubic foot balloon (modeled by a 1-4 foot sphere),.44 the solar radiation is assumed to contact an area equal to the projected
area of 24,075 ft2. The earth radiation is incident on the total sur-
face area of the balloon which is 48,308 ft2. The total incident radia-
tion is 89,122 and 118,347 Btu/min from solar and earth radiant sources.

B. RADIATION ABSORPTION

Referring to Figures 1 and 2, a 1.5 mil polyethylene has an effective
absorptivity, cf, of .12 and .21 for solar and earth radiation band-

,J widths, respectively. This value of absorptivity is the ratio of energy
I " absorbed by the balloon to the energy incident on its surface. There-

fore, the radiation absorbed by the balloon fabric is 10,694 Btu/min and

24,852 Btu/min for solar and earth sources. For a mylar scrim, GT-lIl,
(a ff = .17 and .63), the absorbed energy is 15,150 and 74,558 Btu/min,

respectively.

C. RADIATION EMISSION

Balloons radiate thermal energy at rates proportional to the fourth
power of the absolute temperature of the fabric. The emissivity of the

balloon is equal to its absorptivity if the temperature of the fabric
is equal to the radiation equilibrium temperature of the earth and its
atmosphere. Thus, a fabric w4ith high emissivity (mylar) floating in
sunlight is less affected by solar radiation than a polyethylene balloon
because the proportion of total radiant energy wbich comes from the sun
is less (16% for mylar, 29% for polyethylene). This equilibrium
temperature then, of a mylar balloon, tends to be less in sunlight than
a polyethylene balloon. The ratio of absorptivity of sunlight and emis-
sivity of energy is .57 for polyethylene and .25 for mylar. This ratio
is useful for predicting radiation equilibrium temperatures. Because
of the high value of emissivity, a reduction in the environmental
equilibrium temperature will reduce the gas temperature of a mylar: balloon more than that of a polyethylene balloon. This reduction in
gas temperature will cause a mylar balloon to have less altitude

j. stability at sunset or over clouds or flying from land to water.

9
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FOR
*LIST ALL
*IOCS(CARD.TYPEWRITERKEYROARD,1132 PRINTER9DISK)
C APPARENT HEAT TRANSFER COEFFICIENTS IN A TRANSPARENT SPHERE
C REFLECTANCE VALUES MUST BE SMALL IF WAVELENGTH DEPENDENT

DIMENSION WL1C15O)vS(150)9TITLE(20)
Clu374 13.0
C2s14388*0
SIGMAu5o6666E-12
READ( 2.15)WLMINoWLMAX#T

15 FORMAT(3Fl0.4)
DO 16 lx1,117

16'READC 2,15) WL1( I) S( 1)
11 READ(2911O)(TITLE(J)sl11,18)
110 FORMAT(18A4)

T READ12,515)WL#RtN
515 FORMAT(2F10*49I5)

IF(WL) 1000*10009120
120 IF(WL-s25)80980990
80 ZIOTsol39641

NWL-1 17

T DO 6 l'2tNWL
6 ZIO=ZIO+s5*(S( I )S(I-1) )*(WL1(1I)-WL1 (1-1))
ZIOVSZIO

F IPRIN-1
~J. GO TO 100

90 T=WL
READ( 2.15) WLM IN, WLMAXJ DWz (WLMAX-WLMIN 3*#Ol
W=WLM I N-DW
NWL*101

DO 104 I-19NWL
WO=WO+DW
WL1CI)xWO
S(I)uCl/((WO**5)*(EXP(C2/(WO*T))-1.O))

104 Z*Z+S(I)
-- ZIOuDW*(Z-*5*(S( 1)+S(NWL)))

ZIOT=SIGMA*(T**4)
ZIovu00O
READ(2915)WLLoRL
READ(2#15)WLU#RU

21 R1=RL+((WL1(I)-WLL)*(RU-RL)/(WLU-WLLi)
45 S1=S( I)

St'I)=Sl*R1
IF( -1) 17.17,107

107 ZIOV=ZIOV+.5*(SC1)+5(1-1))*(WL1(I)-WL1(m'1))
17 1=1+1

1Ff I-NWL) 19919.200
19 IF(WL1II)-(WLU+s0001fl21921922
22 WLLxWLU

RL =RU
READ( 2,15)WLUtRU

36



GO TO 19
200 IPRIN-2
100 WRITE(39211)(TITLE(I)tI-1,1S)
211 FORMAT(1Hl18A4)I

WRITE(39105)WLMINoWLMAXtT
105 FORMAT(Y////2XtWAVELENGTH RANGE IS'.FSolt' TO',F5*19' MICRONS

1T-'.F5s1,' DEGREES KELVIN')
WRITE(39106)ZIO

106 FORMAT(2X9'SPECTRAL INTENSITY OVER THIS RANGE IS 19F12*891 WATTS
iPER SQ CM91)
WRITEC391106)ZIOT

1106 FORMAT(2Xs0FROM A TOTAL OF '.F12*89' WATTS PER SO CM')
GO T0L309403'.IPRIN

40 WRITE(3#109)ZIOV
109 FORMAT(//2X9'INTENSITY AFTER ABSORPTION'9F12e8)
44 READ(29515)WLtRoN
30 WRITE(3918)WLsR9N
18 FORMAT(14X92F10e4#l5932Xe'.')

WLO=WL
ROu R
NOmNI

YL1RR*S( )

WRIE 3,wWL,,

31 WRTO(3090)N
30 FRMu*AT(4X'RDS OU OF ODER'

330 L~ RA(i l)WLtR0136373
3W~LUWL(ol)W#9

NA2j0

R1uRO+(CWLU-WLO)*(R.RO)/(WL-WLO)I
S1MS(I)
GO TO 39

37 WLU=WL
Si-Sf I)

GO TO 39
38 WLUxWL

NA1wO
R1=R
SlS( 1-1)+( (WLU-WL1( [-1) )*f S(1)-Sf 1-1) )/(WL1(1I)-WL1( 1-1)))

j39 YUxS1*R1
DL- WLU-WLL
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ZsZ+. 5fDL* (YU+YL)
GO TO(3119310)tNO

311 RR1U1omAR-R1*R1/(1.-AR)

RO. RR1S
ZZij+o*L(YIYI

112 h-mLwW

AT3 GO T/Z by11tN

ARZIZ/ZIOV

112 ITE( 52A
WR=IT(3u51)A

WRITE(39152)AR
WRITE(39151)AAA

1152 FORMAT(///12X#IMEAN REFLECTANCE- #F1O.4)
151 FORMAT(12X,1MEAN TRANSMITTANCEs 19F1O.41
153 F0RMAT(12X#IMEAN ABSORBTANCEu 9F10#4)

r154 FORMAT12Xt0EFFECTIVE ALPHAEPSILON-49F1O.4)
1.155 FORMAT(12X96 MEAN EFF. ALPHA9EPSILONx',F10*4)

GO TO 11
1000 CALL EXIT

END
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